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In this study, the local texture evolution during high pressure torsion (HPT) deformation of aluminum single crystal is
predicted by the crystal plasticity finite element method model integrating crystal plasticity constitutive theory with the
Bassani and Wu hardening law. It has been found the lattice rotates mainly around the sample radial direction to
accommodate the increasingly introduced plastic strain. A noticeable amount of lattice rotation angles around the axial
direction have also been observed at a certain HPT stage. The crystallographic orientation changes as the lattice rotates.
With increasing HPT deformation, the initial cube orientation rotates progressively to the rotated cube orientation, then to
the C component of ideal torsion texture which could be maintained over a wide strain range, and further HPT deformation
leads the orientation towards the ideal A∗ component.The HPT induced orientation changes and lattice rotations have been
discussed in detail based on the theory of crystal plasticity.
Keywords: High pressure torsion, Crystal plasticity finite element, Aluminum single crystal, Orientation changes, Lattice
rotation

High pressure torsion (HPT) is a severe plastic
deformation (SPD) technique to fabricate ultrafine
grained (UFG) materials. The basic principle of HPT
is that the sample is generally in the form of a thin
disk and it is placed between two massive anvils,
subjected to a high pressure and then torsionally
strained through rotation of either the lower or upper
anvil1. The equivalent plastic strain
can be
calculated by
=2
/(√3ℎ), where r, N and h
are the distance from the center of the sample, the
number of revolutions and the sample thickness,
respectively. The fracture in HPT can be significantly
prohibited at very high hydrostatic compression
stresses. Theoretically, HPT can proceed for infinite
revolutions. One hundred HPT revolutions, which are
usually not difficult to apply in practice, correspond to
an equivalent strain of 18002. Such large strains are
impossible to obtain with any other SPD techniques.
Due to its incomparable straining capacity, HPT has
attracted extensive interest of researchers during last
decade for fabrication of ultrafine grain materials,
including pure metals, alloys, intermetallics, metal
matrix composites and amorphous alloys3.
Meanwhile, considerable experimental works have
——————
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been carried out to investigate the physical and
mechanical behaviors of HPT deformed materials as
well as their chemical and biochemical response to
the surrounding media. The results were summarized
and reported in detail in the recently published review
papers4,5.
Besides the experimental investigations, a great
deal of researches were devoted to the numerical
simulations of the HPT process, such as Kim et al.6,7
Rosochowski and Olejnik8, Lapovok et al.9,
Figueiredo and Langdon10,11 and Wei et al.12 .These
simple continuum-based FEM simulations of HPT
were carried out using classic elasto-plastic method.
The simulation results have presented some
mechanical characteristics of different materials
deformed by HPT, such as the material flow, the
distributions and evolutions of stress, strain and strain
rate, and the changes of sample geometry after
deformation. However, the classic FEM method is
unable to predict texture evolution during the plastic
deformation process of HPT.
The experimental observations revealed that the
major deformation behaviors such as grain refinement
and work hardening, produced by high strain in
process like equal channel angular pressure (ECAP),
are strongly related to the texture evolution13. Unlike
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other SPD techniques, to date, relatively limited
texture evolution predictions adopted crystal plasticity
theory could be found in the literature for the HPT
process. Hafok and Pippan14 constructed a fullyconstrained Taylor model for HPT to predict the
development of texture of nickel single crystals.
Naghdy et al. 15 also adopted the full constraint Taylor
model to simulate the evolution of texture in
commercial pure aluminum subjected to HPT
processing. The Taylor model is based on the
assumption that all grains are subjected to the same
plastic strain and therefore unable to give satisfactory
texture predictions. Kratochvil and his co-workers16
proposed a crystal plasticity model to investigate the
microstructure evolution in materials deformed by
HPT which was simplified as simple shear.
Kratochvil et al.’s model was rate-independent and
based on an assumption of uniform deformation of
plane-strain double slip. Draï and Aour17 established a
phenomenon-logical constitutive model based upon
the Norton-Hoff flow rule to study the plastic strain
homogeneity during HPT. Refs.16,17 didn’t carry
out the study of the texture evolution during HPT.
In the previously published crystal plasticity
simulations of HPT, the process has been simplified
to be simple shear process; meanwhile texture
simulations of the HPT process are still lacking. This
motivates the prediction of texture evolution for HPT
in this study.
In this paper, a three-dimensional model
which incorporates crystal plasticity constitutive
equations together with Bassani and Wu hardening
mechanism into a finite element framework has
been developed to predict the texture evolution
of aluminum single crystal during the HPT process.
The evolution of deformation-induced orientation
changes and lattice rotations with increasing
HPT deformation have been presented and discussed
in detail.
2. Simulation model
The crystal plasticity theory adopted in this study
follows the line described by Asaro18. The slip at the
system obeys the Schmid law, which states that the
slip begins when the resolved shear stress reaches a
critical value, namely,
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rate, denotes the rate sensitive exponent, and # is
the critical resolved shear stress of the slip system .
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where the matrix ℎ . contains the hardening moduli
for each slip system. ℎ ( = 2)is known as the selfhardeningwhile ℎ . ( ≠ 2) is known as the latent
hardening. The Bassani and Wu19,20 hardening model
is employed in this study, which states,
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For the meaning of parameters in the equations, see
the Refs.19,20 This rate-dependent hardening law
considers the mutual interactions of the twelve slip
systems of FCC lattice and uses different hardening
parameters to describe the interactions between
different slip systems. It has been found that the
Bassani and Wu model could reflect the hardening of
FCC crystals more exactly and was better than other
hardening models in texture predictions.21 Therefore,
in this study, we followed the user material subroutine
(UMAT) of finite element code ABAQUS/Standard
initially developed by Huang22 and used the
formulations established by Bassani and Wu as the
hardening model.
The geometry of the simulated sample is depicted
in Fig. 1a. The sample was a disk-shaped aluminum
single crystal and its radius and thickness were 5 mm
and 0.8 mm, respectively. The values of constitutive
material parameters of aluminum single crystal have
been given elsewhere21. Two coordinate systems,
global system Cg(X,Y,Z) and local system Cl(R,θ,Z),
are shown in Fig. 1a. The local R, θ and Z axes
represent the radial, circumferential and axial
directions at a given location in the global system,
respectively. The global coordinate system was used
in the simulation, while the local coordinate system
was used in the data analysis. In this model the cube
orientation was set as the initial orientation, namely
the normal of slip plane (001) parallel to the Z axis
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Fig. 1 — CPFEM model of the HPT process (a) coordinates of the
sample and initial orientation, (b) meshes of the sample, (c) ideal
torsion texture components recorded in {111} pole figure, and
(d) ideal torsion texture components recorded in ODF

and the [100] slip direction parallel to the X axis, as
shown in Fig. 1a. The cube orientation was studied as
it is unstable upon loading owing to the high
symmetry, and cube-oriented FCC crystals exhibit the
evolution of heterogeneous in-grain crystallographic
microtextures and deformation structures. Of
particular interest has been devoted to study the
behavior of the cube texture component under various
deformation conditions, as discussed in the Ref.23
The generated meshes of the sample are shown in
Fig. 1b. The total numbers of elements and nodes
were 23,600 and 26,895, respectively. There were ten
layers of elements along the axial direction.
The up and lower anvils used in the HPT process
were regarded as a rigid body to constrain the lateral
flow of the sample. The radius of the rigid body was
5.01 mm. The coefficient of friction between the
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sample and the rigid body was assumed to be 0.1,
which is a widely used value in cold metal forming. In
the simulation the axial and tangential displacement
of the bottom surface was fixed, and the top surface of
the sample was rotated under the pressure of about 1
GPa. In order to solve the extreme mesh distortion
problem during the analysis due to large torsion
deformation, mesh-to-mesh solution (MTMS)
mapping technique built in ABAQUS was employed.
MTMS mapping used interpolation method to obtain
the solution variables at the nodes of the old mesh by
extrapolating all values from the integration points to
the nodes of each element, and then averaging these
values over all similar elements abutting each node.
Then the location of each integration point in the new
mesh was obtained with respect to the old mesh. The
variables were interpolated from the nodes of the old
mesh to the integration points of the new mesh. This
procedure was repeated up to the revolution angles of
110°.
In order to analyze the texture evolution during
HPT, a small region consisting of nine elements was
selected. This region was located near the top surface
on the Y=0 mm section and the coordinates of its
center was X=4.7 mm, Y=0 mm and Z=0.75 mm. It is
well known that the HPT processing predominantly
occurs by simple shear. The texture formed
during HPT could be defined directly from those
revealed for the case of torsion texture. According to
Montheillet et al.24, the locations of main components
of ideal torsion textures are shown in Figs 1c and 1d
in both the forms of {111} pole figure and J the =0°
orientation distribution function (ODF), respectively.
An {hkl}<uvw> orientation here signifies that the
{hkl} plane coincides with the shear plane and that
the <uvw> direction is aligned with the shear
direction. The A-type texture fiber shown in Fig. 1c is
indexed as {111} <uvw>, the B-type fiber as {hkl}
<110> and the C orientation as {001} <110>, which
is a special position of B fiber. The pole figures
and ODFs presented in following context were
plotted using Matlab toolbox MTEX developed by
Bachmann et al.[25].
Simulation Results
Pole figure results

Figures 2a-2g show the predicted {111} pole
figures for the selected region at different revolution
angles of HPT. The horizontal and vertical axes of the
pole figures represent the local circumferential (θ) and
axial (Z) axes, respectively. The initial orientation of
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Fig. 2 — {111} pole figures after different revolution angles HPT
deformation (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, (f) 95° and
(g) 110°

the selected region in the local coordinate system is
the near-cube orientation, as shown in Fig. 2a.
At the early stage of HPT, after 15° and 30° torsion
straining, the poles rotate continuously away from the
initial cube orientation along counter-clockwise
direction and occupy positions of the rotated cube
orientation, as shown in Figs 2b and 2c. When the
sample is further deformed, the crystallographic
orientations keep on rotating. Figure 2d shows that
after 45° HPT deformation the orientations have
rotated away from the rotated cube orientation and
occupy positions differing greatly from those
recorded in Figs 2b and 2c. After 60° HPT
deformation, the resulting orientations of Fig. 2e are
compared with the ideal torsion texture recorded in
Fig. 1c. It is found that the selected region has
orientations dominated by the C component which
favors the alignment of {001} crystallographic planes
with the shear plane and < 01K1 >directions with the
shear direction. The crystals are capable of
maintaining the C component texture with increasing
HPT deformation, and the major orientations start to
rotate away after 85° HPT deformation, indicating
that the C component is relatively stable in HPT.
After 95° HPT deformation, Fig. 2f shows that the
poles become spread at the rotated position and extent
somewhat towards the next preferred orientation. The
crystallographic orientations rotate continuously with
the HPT deformation and finally reach the second

Fig. 3 — ODF resultsin J =0° sections after different revolution
angles HPT deformation (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°,
(f) 95° and (g) 110°

preferred orientation by revolution angles of 110°, as
shown in Fig. 2g. After comparing with the ideal
torsion texture in Fig. 1c, the resulting orientation in
Fig. 2g is recognized to be A∗ component which
aligns the {111} crystallographic planes with the
shear plane and the <112K> crystallographic directions
parallel to the shear direction.
ODF results

The ODF results predicted by the developed
CPFEM model for different revolution angles of HPT
are shown in Fig. 3. During the calculations of the
ODFs, the texture is considered as triclinic without
applying any symmetry and the resulting ODFs are
presented up to the full range (0-360°) for the first
Euler angle J1 , 0-90° for the Euler angle J. The
primary deformation texture components for torsion
of FCC metals can be illustrated at J =0° section of
the Euler space (see Fig. 1d). To save space, only
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J =0° sections are given here in Fig. 3. The
horizontal direction and vertical direction of the ODFs
stand for J1 and J directions, respectively, as shown
in Fig. 3a.
Figure 3a displays the initial cube orientation of the
selected region. One can see that the orientation
distribution is uniform and featured by an obvious
four-fold symmetry. Figures 3b and 3c show the same
tendency as illustrated in the pole figures, namely the
orientations shift along the J1 direction (radial
direction of the local coordinate system) towards the
rotated cube orientation. Moreover, the magnitude of
the radial direction lattice rotation can be readily
obtained from the ODF results, which are ~30° when
the sample is subjected to 15° HPT deformation and
~60° after 30° HPT deformation. Figure 3d illustrates
that after 45°HPT deformation the orientations are in
a transition state from the previous rotated cube
orientation to the first preferred orientation. A further
lattice rotation of ~25° along the J1 direction together
with ~20°J direction rotation have been observed.
After 60° HPT deformation, it is seen from Fig. 3e
that the predicted orientations are located at positions
of J1 ≅ 90° (270°), J ≅ 45°, J = 0° in the Euler
Space, which is again identified as the C component
when comparing with the ideal torsion texture plotted
in Fig. 1d. Figure 3f shows that the developed
orientations have deviated away from the C
component and rotate progressively towards the next
preferred orientation mainly along the J1 direction.
Meanwhile, a slight change in the J direction rotation
is also observed. When the HPT deformation
proceeds to 110°, as shown in Fig. 3g, the orientations
occupy the Euler Space positions of J1 ≅
140° (320°), J ≅ 45° (50°), J = 0°, which is close
to the A∗ component of the ideal torsion texture
described in Fig. 1d.
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axes, respectively. The partition method proposed by
Wert et al.26 was adopted and adjusted to the polar
coordinate system.
Figure 4 shows the lattice rotation angles along R,
θ and Z axes as a function of increasing HPT
deformation. The horizontal axis represents the
increasing level of deformation in the form of
revolution angles while the vertical axis stands for the
lattice rotation angles. The positive values mean the
counter-clockwise lattice rotation. It can be seen from
Fig. 4 that the crystallographic rotation appears along
all three directions. The rotation angle around the
R axis is much larger than the other two rotation
directions. According to evolution of the R-axis lattice
rotation, the deformation process was approximately
divided into four stages from I to IV, as illustrated in
Fig. 4.
At the small strain level stage, stage I, ranging
from the beginning to 30° HPT deformation, the
lattice rotation angles around R direction increase
significantly to ~60°. By contrast, the rotation angles
around θ and Z axes basically remain zero. It means
that during stage I the lattice rotations take place
simply around the R axis. The crystal rotates to
occupy different rotated cube orientation positions
during this stage. For the higher strain level of
stage II, from 30° to 60° HPT deformation, the lattice
rotation angles around all three axes increase
simultaneously. The R-axis rotation angles increase
from ~60° to ~90° asymptotically with much smaller
rate than stage I. Accompanying with the R-axis
rotation, the lattice rotation angles along Z axis rise
and increase continuously to ~45°. In addition, a
small amount increase to ~10° of θ-axis rotation can

Lattice rotation results

The series of pole figures and ODF results reveal
that with increasing HPT deformation the lattice
rotates
progressively
to
accommodate
the
continuously introduced plastic strain, leading to the
orientation changes of the initially cube-oriented
crystal. In order to describe the lattice rotation
quantitatively, one element generated at the initially
cube-oriented region was selected as a representative.
The misorientation of the developed orientation of the
selected element relative to its initial orientation was
calculated and partitioned into three components
which represent the rotation angles around R, θ and Z

Fig. 4 — Lattice rotation angles along three axes as a function of
increasing HPT deformation
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also be observed. During this stage, the crystal rotates
gradually towards the C component of ideal torsion
texture. The sample is further strained as the imposed
HPT deformation proceeds. However, during stage
III, from 60° to about 85° HPT deformation, Fig. 4
reveals almost no change of rotation angles around all
three directions, leading to the fact that the crystal
maintains the C component over the strain range of
this stage. The lattice rotation restarts mainly around
R axis as HPT deformation enters to stage IV. The
orientation rotates away from C component with a
relatively small rate at the outset of this stage.
Following that, the R-axis rotation angles increase
rapidly and reach to ~140° after 105° HPT
deformation. At the end of stage IV, the R-axis
rotation illustrates a slight increase and the rotation
angles curve again tends to level-off, indicating the
crystal has rotated close to another preferred
orientation of A∗ . In comparison, during this stage,
the θ- and Z-axes rotation angles both illustrate
negligibly small changes, as shown in Fig.4.
Discussion
The results obtained for the evolution of local
crystal orientations in the present work are in good
coherence with the results that have been published
previously for shear deformation. Rose et al.27
published experimental results for initially strongly
cube oriented textured tubes deformed in torsion for
copper. They have found that the texture was simply
rotated with the rigid body rotation. The plastic
deformation, however, was not large. Tóth and
Jonas28 showed by analytical modeling that in simple
shear of cube orientation the plastic spin was zero so
that the orientation change rate was equal to the rigid
body rotation rate for any rotated position of the
initially cube oriented crystal, therefore the
orientation change took place solely around the
sample radial axis. The same result has been found in
the present work, at least at the imposed rotation
angle of the disk by 15° and 30°, see Figs 2b-c and
Figs 3b-c. At these positions, the cube orientation is
rotated by nearly 30° and 60°, respectively, around
the radial axis, which is the axis of rigid body rotation
in HPT. However, for larger strains, the lattice spin
becomes very different because the rotation does not
take place simply around the rigid body rotation axis
any more, a noticeable amount of rotation angles
around Z axis have also been observed in Fig. 4. The
crystal orientations differ greatly from the previous

rotated cube orientation and become slightly spread
around the rotated position (Figs 2d and 3d). Then
they all rotate progressively into the C component of
the ideal orientation of shear textures (Figs 2e and
3e). Such rotation has also been observed and
modeled previously by Skorotzki et al.29 for a Ni
single crystal subjected to one pass ECAP. In that
study the Ni single crystal was oriented initially
almost like the orientation in Fig. 2c with respect to
the imposed deformation, which is mainly simple
shear in ECAE. Starting from this orientation, they
have found experimentally that the crystal rotated into
the C component. It was also modeled by polycrystal
simulations starting with a polycrystal with
orientations near to the initial ideal position. The main
predicted texture component becomes the C at large
strains. The present study further shows that the
C type orientation keeps almost unchanged with the
increasing HPT deformation from 60° to around 90°,
which indicates that C component is a preferred
orientation in HPT. This simulation result is
consistent with the numerical calculation conducted
by Hafok and Pippan14. They established a simple
Taylor model for the HPT process and found that the
C orientation could be maintained over a wide range
of equivalent strain ranging from 0.6 to 2.2.
Our simulation results have already been confirmed
previously in Refs14,27-29. Even if those results
were obtained for other materials (Cu and Ni),
they deform also with the same {111} <110>
slip systems, which were used also in the present case
of aluminum. For even higher strains, the present
study shows that the lattice restarts the single-sense
radial direction rotation and leads the orientation close
to the next preferred orientation of A∗ (Figs 2f-g and
Figs 3f-g).
Present simulation results also indicate that during
the history of HPT deformation the lattice rotation
does not take place at a constant rate with respect to
the increasing rigid body rotation. The lattice rotation
is characterized by the fact that the rotating rate
is significantly large at positions far away from the
ideal torsion texture components but decreases
asymptotically while approaching the ideal ones. This
agrees with the results reported by Tóth et al.30 They
showed by the crystallographic rotation field for fix
end torsion that the lattice rotation vector converged
towards the ideal torsion texture components while
divergence occurred at positions rotating away from
the main torsion texture components.
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In general, the sample deformed by HPT is
disk-shaped. The θ axis of the polar coordinate
system changes constantly along the sample
circumferential direction. Moreover, a strong
strain gradient exists in the sample radial direction.
Hence, the texture examinations of the initial
cube orientation with increasing HPT deformation
were constrained to a locally small region. To
achieve a comprehensive understanding of the
texture evolution during HPT, orientations of more
positions along the tangential and axial directions at
each strain level need to be examined. In addition, the
HPT process leads to considerable grain refinement of
the aluminum single crystal, which will produce
effects on the orientation changes. Although some
important results in good agreement with the
experiments can be captured by the present
simulations, it is expected that more useful
information about the texture evolution would be
obtained in that case the grain fragmentation in HPT
is considered.
Conclusions
The following conclusions may be drawn from this
study:
(i) The CPFEM simulation of HPT process of
aluminium single crystal has been conducted
successfully.
(ii) The initial cube orientation rotates progressively
to the rotated cube orientation, and then to the C
component of ideal torsion texture which could be
maintained over a wide strain range. Further HPT
deformation leads the orientation towards the
ideal A∗ component. The local crystallographic
orientation changes during the HPT process were
in good coincidence with the previously published
results.
(iii) The lattice rotates mainly around the sample
radial direction to accommodate the increasing
introduced plastic strain in HPT. A noticeable
amount of lattice rotation around the axial direction
also occurs at a certain HPT stage. The lattice
rotation leads the crystallographic orientation
changes from one preferred orientation to another
during HPT processing.
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